Abstract. The aim of this study was to investigate the capability of two surfactants, Cremophor RH 40 (RH) and Cremophor EL (EL), to prepare liquid crystalline nanoparticles (LCN) and to study its influence on the topical delivery of finasteride (FNS). FNS-loaded LCN was formulated with the two surfactants and characterized for size distribution, morphology, entrapment efficiency, in vitro drug release, and skin permeation/retention. Influence of FNS-loaded LCN on the conformational changes on porcine skin was also studied using attenuated total reflectance Fourier-transform infrared spectroscopy. Transmission electron microscopical image confirmed the formation of LCN. The average particle size of formulations was in the range of 165.1-208.6 and 153.7-243.0 nm, respectively. The formulations prepared with higher surfactant concentrations showed faster release and significantly increased skin permeation. Specifically, LCN prepared with RH 2.5% presented higher permeation flux (0.100± 0.005 μgcm −2 h −1 ) compared with lower concentration (0.029±0.007 μgcm −2 h −1 ). Typical spectral bands of lipid matrix of porcine skin were shifted to higher wavenumber, indicating increased degree of disorder of the lipid acyl chains which might cause fluidity increase of stratum corneum. Taken together, Cremophor surfactants exhibited a promising potential to stabilize the LCN and significantly augmented the skin permeation of FNS.
INTRODUCTION
Finasteride (FNS) is a potent antiandrogen used in the treatment of male pattern baldness or androgenetic alopecia (AGA) (1,2). In AGA, increased level of dihydrotestosterone (DHT) has been observed in scalp skin which causes miniaturization of hair follicles and progressive loss of hair (3, 4) . FNS acts by specifically inhibiting type II 5-α reductase responsible for the conversion of testosterone to DHT (5) . Although oral administration of FNS effectively increased the hair counts, its systemic exposure causes various sexual side effects, particularly erectile dysfunction and ejaculatory disorder (6, 7) . In this regard, it was hypothesized that topical delivery would overcome the side effects associated with oral administration. Hence, there is a growing interest in the development of suitable topical carrier systems to deliver FNS to target sites (8, 9) . However, development of successful topical carrier has been limited by the barrier function exerted by the stratum corneum (SC).
Various approaches have been developed to overcome the skin barrier function and to enhance the permeation of drug across skin layers (10) . One of the novel approaches is the utilization of nanoparticulate system as a vehicle to promote the skin delivery of bioactive molecules (11, 12) . Recently, there has been growing interest in monoolein (MO)-based liquid crystalline nanoparticle (LCN) as a topical carrier system (13) (14) (15) . LCN is composed of highly twisted lipid bilayer and two non-intersecting water channels. This unique nanostructure affords high solubilization capacity of the bioactive molecules and exhibits controlled release from the LCN (16, 17) . In addition, LCN can be easily prepared and offers many advantages such as improved stability, biocompatibility, and biodegradability (18) . LCNs are prepared by nano-sized fragmentation of bulk liquid crystalline phase formed from MO-water system using homogenization or sonication (19) . However, LCN system needs surfactant to form a kinetically stable dispersion. The stabilization of these nanoparticles used to be accomplished by incorporating block copolymers, most commonly poloxamer 407 (P407) (20) .
In our efforts to enhance the topical delivery of FNS, we have already demonstrated that LCN enhances permeation and retention of the drug in skin (21) . Given that this nanocarrier is a promising topical delivery vehicle, development of alternate stabilizer other than P407 may have profound impact on FNScontaining topical delivery system. We have hypothesized that surfactant plays major role in skin permeation of FNS when the drug is applied as topical formulation of MO-based LCN. Polyoxyethylated nonionic surfactants have been widely utilized in the preparation of microemulsion, self-emulsifying system, and solid lipid nanoparticles (22) (23) (24) . Moreover, these surfactants have shown to enhance skin permeation of drugs such as terbinafine and interferon alpha (24, 25) . Among the various polyoxyethylated nonionic surfactants, we have chosen Cremophor RH 40 (RH) and Cremophor EL (EL) because their HLB values are in the range of 12-16 which are appropriate for the preparation of MO-based LCN dispersion. In this study, we investigated the influence of two polyoxyethylated nonionic surfactants, RH and EL, on the skin permeation and retention of FNS using porcine skin.
MATERIALS
MO was received as a gift from Danisco Japan (Tokyo, Japan). FNS was kindly donated from Dong-A Pharmaceutical Co, South Korea. Poloxamer 407, RH, and EL were purchased from BASF (Ludwigshafen, Germany). Dialysis membrane was purchased from Spectrum Laboratories Inc (California, USA). All other chemicals were of analytical grade and used without further purification.
METHODS

Preparation of FNS-Loaded LCN
LCN was prepared with slight modification of previously reported method (21) , and composition of formulation is given in Table I . Briefly, appropriate amounts of MO and surfactant were melted at 45°C in a glass vial, and FNS was added with vortexing (solubility of FNS, >100 mg/ml of MO at 45°C). To this molted mixture, distilled water heated at the same temperature was added and vortexed. The coarse dispersion formed was subjected to sonication for 30 min using bath type sonicator (Cole-Parmer Ultrasonic 8893, USA) at 42,000 Hz.
Characterization of FNS-Loaded LCN
Dynamic Light Scattering and Zeta Potential
Hydrodynamic size, polydispersity index, and zeta potential were determined by using Zetasizer Nano ZS (Malvern Instruments, UK). The instrument was equipped with dynamic light scattering particle size analyzer at a wavelength of 635 nm and a fixed scattering angle of 90°. All samples were analyzed in triplicate, and the values of z-average diameters were used. Before analysis, the dispersion was suitably diluted with distilled water (18.2 MΩ cm −1 ) and measured at 25°C.
Transmission Electron Microscopy (TEM)
Morphology of LCN was photographed by using a transmission electron microscope (Hitachi 7600, Japan) at an accelerating voltage of 100 kV. Briefly, one drop of nanoparticle dispersion was deposited on carbon-coated copper grid to form a thin liquid film. The grid was negatively stained immediately by adding a drop of 1% w/w phosphotungstic acid, followed by air-drying at room temperature for 5 min.
Entrapment Efficiency (EE)
EE was determined by ultrafiltration method using specialized ultrafilter tube (Amicon Ultra-4, MWCO 10,000 g/mole, USA) as described elsewhere (21) . Briefly, 1 ml of LCN dispersion was transferred to the upper chamber of ultrafiltration tube and centrifuged at 2,500×g for 15 min. The filtrate containing free FNS was analyzed by HPLC, and EE was calculated by following equation-EE (%) = 100×(D tota l − D free )/D total , where D total is amount of total FNS and D free is amount of free FNS in the LCN dispersion, respectively. The HPLC system (Shimadzu) consists of LC 20 AD pump, SPD 20A UV-VIS detector at 210 nm attached with SIL 20A prominence autosampler. The column used was Inertsil ODS-3 (4.6×150 mm, GL Science, Japan), and mobile phase consisted of mixture of acetonitrile and water (60:40v/v, pH adjusted to 2.8 with orthophosphoric acid). Ibuprofen was used as internal standard, and injection volume was 20 μl with flow rate of 1 ml/min.
Viscosity Measurements
Viscosity of nanoparticle dispersions were determined using rotational viscometer (Merlin VR, USA) equipped with a 30 mm parallel plate system. LCN dispersions were laid on the plate to determine shear rate and shear stress, and the temperature was automatically controlled at 20±0.1°C. A software program (Micra, USA) was used to record flow curves with increasing shear rates from 1 to 100 s −1 , and viscosity was calculated.
In Vitro Drug Release Study
The in vitro drug release was evaluated by Franz diffusion cell with effective diffusion area of 2.1 cm 2 using artificial membrane made of regenerated cellulose with MWCO 10,000 g/mole (Spectra/Por®, Spectrum Laboratories). The membrane was mounted between donor and receptor compartments, and FNS dispersion (0.5 ml) was applied evenly on the donor compartment. The receptor compartment was filled with 10 ml of 20%v/v ethanol in phosphate buffer saline (pH 7.4) and maintained at 32± 0.5°C with magnetic stirring. Samples (500 μl) were withdrawn at fixed time intervals (1, 2, 3, 6, 12, and 24 h) from the receptor compartment and replaced with fresh buffer solution. The samples were then analyzed for FNS content using HPLC.
In Vitro Skin Permeation and Retention Studies
Franz diffusion cell with diffusion area of 2.1 cm 2 was used for skin permeation and retention study. The experiments were performed using porcine abdominal skin obtained from a local abattoir house. The skin was dermatomed (700-800 μm thick) and stored frozen at −20°C until used. Before 2 h of the experiments, skin samples were pre-equilibrated in phosphate buffer saline (pH 7.4) at room temperature and then mounted between donor and receptor compartments with stratum corneum facing the donor compartment. The receptor compartment was filled with 10 ml of 20%v/v ethanol in the phosphate buffer saline and maintained at 32 ±0.5°C using magnetic stirrer. FNS-loaded LCN dispersion and control (FNS dissolved in 20%v/v ethanol) containing 500 μg FNS were applied onto the skin and sealed with Parafilm® to prevent water evaporation. Samples from receptor compartment were collected at predetermined time interval (1, 2, 3, 6, 12, and 24 h) and replaced with the same volume of fresh medium.
The cumulative amount of FNS permeated through porcine skin per unit surface area was plotted as a function of time. The steady-state flux (J ss , micrograms per centimeter per At the end of the permeation study, amount of FNS retained in the skin was determined as described below. Skins were washed with distilled water, minced with surgical scalpel, and added to glass vial containing 4 ml of acetonitrile water mixture (60:40, v/v) followed by homogenization (UltraTurrax T25 Basic, Germany) under ice bath for 5 min and sonication for 20 min. The resulting mixture was then filtered using 0.45 μm membrane filter and assayed for FNS using HPLC.
Attenuated Total Reflectance Fourier-Transform Infrared Spectroscopy (ATR-FTIR)
Fourier-transform infrared (FTIR) spectroscopic studies were performed using FTIR spectrophotometer equipped with attenuated total reflectance (ATR) (Tensor 27, Bruker Optics, Germany) containing photovoltaic mercury cadmium telluride (MCT) detector at 25°C. Samples for FTIR analysis were obtained by treating the skin for 6 h with same conditions as permeation and retention study. After treatment, spectra were obtained in the frequency range of 4,000-400 cm −1 by placing stratum corneum layer exposed to surface of ZnSe crystal, and the spectral data were analyzed using software OPUS 6.5.
Statistical Analysis
All the data obtained were analyzed by Student's ttest using Microsoft Office Excel 2010. Data are presented as mean±standard deviation. A value of p<0.05 was considered statistically significant.
RESULTS
FNS-loaded LCN was prepared by ultrasonication method using bath type sonicator. Optimal surfactant concentration was judged by ability to form milky dispersion without apparent visible aggregates or phase separation during a week after preparation. The optimal surfactant concentration was in the range of 0.5-2.5% w/w and 1.5-4.0% w/w for RH and EL, respectively. Although, milky dispersion was formed out of the optimal range, it showed visible aggregates and resulted in phase separation within a day.
The average particle size of FNS-loaded LCN prepared with various concentrations of RH and EL were in the range of 165.1-208.6 and 153.7-243.0 nm, respectively (Table I) . There was no significant difference in the particle size among the formulations prepared with same concentration of RH, EL, and P407. However, the size was increased in proportion to the concentration of RH and EL. The PDI values were lower than 0.3 for all the formulations regardless of the surfactant concentration. This result indicates the suitability of the preparation method and monodispersed particle size distribution. Zeta potential was slightly more negative in the LCN prepared with RH and EL compared with the LCN prepared with P407, but there was no significant difference (Table I ). Figure 1a , b, c shows the transmission electron microscopy (TEM) images of blank LCN, and Fig. 1d , e, f shows FNS-loaded LCN. Both blank and FNS-loaded LCN displayed the formation of discrete and monodispersed nanoparticles. The images obtained from RH and EL were similar to that prepared with P407. Furthermore, drug loading did not influence the size of the nanoparticles and showed no apparent signs of aggregation. The particle size of blank LCN was in the range of 172.5-210.7 nm which was similar to the size of FNS-loaded LCN. The EE of FNS was found be above 98% for all formulations irrespective of surfactant concentrations (Table I) . Figure 2 shows release rate of FNS from LCN formulations prepared with varying concentration of surfactants. Interestingly, LCN prepared with RH depicted biphasic release profile showing faster release in the first 6 h and slower release afterward while the LCN prepared with EL or P407 did not. In terms of cumulative percent released in 24 h, RH resulted in greater release compared with EL-53.28% and 31.24% for RH 1.5% and EL 1.5%, respectively. Cumulative percentage of FNS released from LCN prepared with RH 2.5% was almost two times of those prepared with RH 0.5% and P407 1% at 24 h. A similar finding was observed with LCN prepared with EL.
The skin permeation measurements were carried out on Franz diffusion cell using porcine skin. Figure 3 shows the skin permeation profile of FNS from LCN formulations prepared with various concentrations of RH and EL. In accordance with the in vitro release study, higher surfactant concentration resulted in faster permeation rate. In particular, RH concentration of 1.0% or above resulted in statistically significant 
Permeation parameters
Percentage of FNS at the end of permeation study Table II . Notably, the enhancement ratio showed 6.88-fold and 4.60-fold increase compared with control for RH 2.5% and EL 4.0%, respectively. Within the concentration range tested, RH showed better efficacy than EL and P407 in terms of enhancement ratio of the flux. Figure 4 shows the effect of RH and EL concentration on the skin retention of FNS. In contrast to the results of the permeation study, retention of the drug was enhanced in the lower concentration of RH and EL. Specifically, amount of FNS retained in the porcine skin for RH 0.5% was 1.96-fold increase compared with RH 2.5%, and it was 1.86-fold for EL 1.5% compared with EL 4.0%. Figure 5 depicts the spectra of porcine skin after treatment with distilled water and different LCN formulations prepared with lowest and highest concentration of the two surfactants. The spectrum depicts peaks in the regions, CH 2 asymmetric stretching (∼2,918 cm −1 ), CH 2 symmetric stretching (∼2,850 cm ). Wave numbers characteristic of porcine skin were tabulated in Table III . For all the LCN formulations, the spectral bands shifted to higher wave number compared with untreated skin samples.
DISCUSSION
Surfactants are considered as the important constituents that affect the physical stability of LCN. To date, the most widely used surfactant for the stabilization of LCN is P407 which is composed of polyethylene oxide (PEO)-polypropylene oxide (PPO)-polyethylene oxide (PEO) block copolymer (26) . The hydrophobic portion (PPO) is responsible for the anchoring to lipid bilayer, and hydrophilic portion (PEO) is oriented toward the aqueous medium. Stabilizing effect of P407 is attributed to the balance between the hydrophobic domain size of PPO and hydrophilic chain length of PEO (27) . Surfactants with similar structural property would be expected to stabilize LCN efficiently as well. In this regard, we anticipated that the two polyoxyethylated nonionic surfactants (RH and EL) which have PEO moiety attached to hydrophobic region usually being fatty acids would also stabilize LCN dispersion. Hence, we aimed to investigate the effects of RH and EL on stabilization of LCN and topical delivery of FNS.
Herein, we have successfully prepared LCN dispersion stabilized by RH and EL using ultrasonication method. This result indicates that RH and EL are comparable to P407 in terms of stabilization of LCN dispersion. The stabilizing effect of RH and EL might be attributed to the balance between hydrophilic and hydrophobic moieties. Hydrophilic moiety of both RH and EL is composed of PEO which acts as a steric barrier to prevent aggregation of nanoparticles, and hydrophobic moiety is composed of stearate for RH and ricinoleate for EL, respectively, which have different affinity property to bind with lipid bilayer (26) . Among the concentrations of RH and EL tested, RH formed stable dispersion as low as 0.5% w/w concentration while EL failed to stabilize the dispersion at lower than 1.5% w/w concentration (Table I) . This difference in the stabilization efficiency might be due to number of PEO units, as RH has 40 units and EL contains 35 units, respectively. It has been already reported that increase in the hydrophilic units of stabilizer appears to be sufficient to stabilize LCN even at low concentration (27) .
In our earlier study, we reported that FNS-loaded LCN was successfully prepared by using MO and P407, and the concentration of additives affected drug release, skin permeation, and skin retention parameters of the drug. In this study, we prepared FNSloaded LCN by using Cremophor in the place of P407 and found that the flux and enhancement ratio were in the range of 0.027-0.100 and 1.86-6.88 while those of the LCN prepared with MO and P407 were in the range of 0.018-0.067 and 1.04-3.70, respectively (21) . Although direct comparison is not possible due to the difference in the concentrations of the additives and animal skin used, it appears that FNS-loaded LCNs prepared with Cremophor are not inferior to the LCNs prepared with P407.
TEM morphology of LCN prepared with different surfactants appears like spherical flower-like structure with multiple black dots, which represent phosphotungstic acidstaining of internal water channels (28) . The appearance of these multiple black dots was believed to be formation of liquid crystalline phase. The observed nanoparticles in TEM showed slightly smaller in size compared with hydrodynamic size characterization. This was in accordance with the results obtained by previous researcher's finding that drying of the dispersion caused slight decrease in the particle size (29) .
Among all parameters, surfactant concentration plays major role in influencing drug release from nanoparticles. The faster release by increasing surfactant concentration may be attributed to the more surfactant molecules available for the partitioning into the interfacial domain of liquid crystalline phase which results in swelling of internal curvature. Overall, all the formulation showed sustained release profile. This suggests that, in addition to the surfactant concentration, the hydrophobic interaction of FNS with the hydrophobic domain of LCN may play an important role in determining the release rate of drug from LCN. It has been already postulated by other authors that hydrophobic molecules show sustained release profile from LCN carrier (19) .
Skin permeation studies showed a significant increase in the FNS permeation in the higher concentration of surfactants. Higher surfactant concentration causes increase in the fluidity of the membrane and eventually increase the permeation of drug. It has therefore been suggested that a dose-dependent increase in the permeability of SC is responsible for the surfactant-induced permeability of drug. However, significantly increased retention was observed at lower concentrations of the two surfactants (RH and EL). This finding is not fully understood at present, but it appears that too much increase in the skin cell membrane fluidity is not in favor of skin retention of FNS. So, further research is warranted to elucidate exact reason for the inconsistency in the permeation and retention of the drug in skin. The skin permeation and retention may also be affected by particle size, surface charge, and viscosity of formulations. However, there was no significant difference observed on particle size, zeta potential, and viscosity among the formulations.
Attenuated total reflectance Fourier-transform infrared spectroscopy (ATR-FTIR) spectroscopic studies were performed to study the formulation effect on the biophysical properties of the stratum corneum (30) . It has been already demonstrated that porcine skin is very close to human skin in structural and chemical properties and a very helpful model for the transdermal drug diffusion study in combination with FTIR (31) . Among the spectral bands of porcine skin, CH 2 bands (asymmetrical, symmetrical, and scissoring) are the absorbance of hydrocarbon chains of stratum corneum lipids and keratin (32) . Study of these vibrational bands would provide insight information about the lipid order-disorder caused by different formulations. Our study demonstrates that all the formulations shifted the spectral bands to higher wavenumbers which result in a blue shift of CH stretching. This may be due to the increase in the degree of disorder of the lipid acyl chains, resulting in the increased fluidity of SC (33) .
CONCLUSIONS
Thus far, FNS-loaded LCN was successfully prepared by sonication technique. In the present study, Cremophor concentration was optimized with regard to the stability of LCN. The surfactants were observed to have a significant influence on the drug release and skin permeability of FNS. To be specific, LCN prepared with RH exhibited markedly higher skin permeability than EL surfactant. It is noteworthy that the lower concentration of both the surfactants portrayed enhanced skin retention of FNS. These observations clearly suggest that the Cremophor surfactants can be utilized to stabilize the LCN for the topical delivery of FNS.
